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ABSTRACT The diphtheria tox repressor (DtxR) of
Corynebacterium diphtheriae plays a critical role in the regu-
lation of diphtheria toxin expression and the control of other
iron-sensitive genes. The crystal structures of apo-DtxR and
of the metal ion-activated form of the repressor have been
solved and used to identify motifs involved in DNA and metal
ion binding. Residues involved in binding of the activated
repressor to the diphtheria tox operator, glutamine 43, argi-
nine 47, and arginine 50, were located and confirmed by
site-directed mutagenesis. Previous biochemical and genetic
data can be explained in terms of these structures. Confor-
mational differences between apo- and Ni-DtxR are discussed
with regard to the mechanism of action of this repressor.

Iron is an essential nutrient for most living organisms and low
levels of this element signal the expression of virulence deter-
minants in many pathogenic microorganisms (1). It has been
known for >50 years that the addition of iron to the growth
medium of toxigenic Corynebacterium diphtheriae results in the
inhibition of toxin production (2). Subsequently, it was found
that diphtheria toxin is only expressed at maximal rates when
iron becomes the growth rate-limiting substrate (3). The
diphtheria toxin structural gene, fox, has been shown to be
carried by a family of related corynebacteriophages (4). The
regulation of tox expression, however, is mediated by the
corynebacterial-determined repressor DtxR. In vitro studies
have shown that DtxR is activated by divalent transition metal
ions and, once activated, specifically binds to the diphtheria fox
operator and other related palindromic DNA targets (5-9).

An understanding of the mechanism of interaction of the
repressor with its cognate DNA requires knowledge of the
three-dimensional structure of the repressor in its inactive and
activated forms, as well as of its complex with DNA. The
regulator of this interaction is an atom of iron, which binds to
a specific site(s) on the repressor and causes a conformational
change that is required for operator binding (10, 11). DtxR also
regulates the transcription of other iron-sensitive genes in the
same manner. Other divalent metal ions, especially nickel(II),
can substitute for iron in vitro. This paper reports the crystal
structure of apo-DtxR at 3-A resolution and the preliminary
structure of the nickel-bound holo-repressor.’ Comparison of
these structures, together with information from site-directed
mutagenesis and other biochemical experiments, has allowed
us to identify the activating metal-binding site and the region
of the repressor that recognizes DNA. We propose a model for
metal-dependent DNA binding.

Recently Qiu er al. (12) reported the structures of several
metal-bound forms of DtxR at similar resolution. Our work
presents the structure of the apo-repressor and a comparison
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between the inactive and activated forms. The activating metal
site that we propose differs from that suggested by Qiu ez al. (12).

MATERIALS AND METHODS

Crystallization and Data Collection. Recombinant DtxR
was crystallized in space group P3,21 by vapor diffusion by
employing the hanging drop method at room temperature
using protein at a concentration of 15 mg/ml and 1.6 M
ammonium sulfate/2% PEG 200/1 mM dithiothreitol/100
mM Hepes (pH 7.0) in the reservoir as described (13).

Soaking of crystals of apo-DtxR in mother liquor containing
0.1 mM NiCl; results in a change of space group to P3;21 and
in the reduction of the length of the ¢ axis by ~50% (see Table
1). Using >0.5 mM NiCl; in soaking leads to cracking of the
crystals.

Native, heavy atom derivative and Ni-DtxR data were col-
lected on a Siemens X100 area detector mounted on an Elliot
GX-6 rotating anode x-ray generator operated at 30 kV and 30
mA and evaluated with XDs (14).

Multiple Isomorphous Replacement (MIR) Analysis,
Model Building, and Refinement. Apo-DtxR. Dimercury
acetate (saturated, 18 h), ethyl mercury phosphate (1 mM, 18
h), and potassium mercury tetrathiocyanate (0.25 mM, 16 h)
gave isomorphous heavy atom derivatives. Initial sites were
established by deconvolution of difference Patterson maps
with the aid of direct methods (15). Self- and cross-
difference Fourier maps were used to locate additional sites
which were confirmed in difference Patterson maps. The
heavy atom positions were refined to a resolution of 3.5 A
(16). Six independent heavy atom positions in the three
derivatives (a, b, c and a’, b’, ¢’) defined the orientation and
position of the noncrystallographic molecular two-fold axis,
which was refined to 179.6° by the program IMP of the RAVE
package furnished by G. J. Kleywegt and T. A. Jones. Solvent
flattening, two-fold iterative noncrystallographic symmetry
averaging, and phase extension to 3-A resolution were
employed using the programs BCWANG (17), SQUASH (18),
and RAVE and programs of the ccp4 package (19). The
resulting electron density map showed a considerable im-
provement over the original MIR map and allowed tracing of
a contiguous chain of 109 residues as polyalanine using the

Abbreviations: DtxR, diphtheria fox repressor; HTH, helix—turn—
helix; CAP, catabolite gene activator protein.
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Table 1. Data collection
Parameter Native DMA EMP PMT Ni(II)
Unit cell, A a=b=640, a=b=644, a=b=642 a=b=645 a=b=0649
c=2204 c = 220.6 c=2204 c=2214 ¢ = 108.9

Resolution, A 3.0 35 35 35 3.8
Reflections

Total 21,855 19,006 23,858 14,590 5,277

Unique 9,355 6,368 6,522 6,485 2,458
Completeness, %  83.8 84.9 85.6 83.2 86.2
Reym, % 7.5 10.6 6.1 10.7 9.6
MFID 0.2 0.13 0.26
Number of heavy

atom sites 3 2 4
Fu/E 13 15 15
Rc 67.8 62.4 58.7
(m) 0.61

DMA, dimercury acetate; EMP, ethyl mercury phosphate; PMT, potassium mercury tetrathiocyanate.
Positions d coincide with positions a of the DMA derivative. Rym = S4SilIn; — In| /Z5Ziln i, where I,;
are symmetry-related intensity observations and I, is the mean intensity of reflexions with unique indices
h. MFID (mean fractional isomorphous difference) = Z||Fpyl — |FP||/2|F2'p| , where Fpy and F, are the

derivative and native structure factor amplitudes, respectively. Fy/E = v

21/2 (FpH,obs—FPH,calc)?. Rc

= 3| Fprobs — Fecatcl /= | Fprobs — Fpl for centric reflections. (m) = Mean figure of merit including

all three derivatives.

interactive model building program o (20). Additional im-
provement of the electron density map was achieved by
combining the initial MIR phases and partial model infor-
mation by using the program COMBINE (21). Several rounds
of phase combination, positional refinement (22), initially by
using noncrystallographic symmetry restraints, and manual
rebuilding allowed the sequence to be assigned to the partial
polyalanine chain and to include more residues at the C
terminus. The positions of the heavy metals helped define
the register of the polypeptide chain by identifying Cys-102,
His-98, and His-79. The current model contains residues
3-136.

Beyond residue 136 two fragments of polyalanine con-
taining a total of 46 residues could be built. The poor quality
of the map in this region did allow neither assigning the
connectivity of these fragments nor defining the relative
alignment to the protein sequence, and including them into
the phase combination procedure did not improve the
quality of the resulting map. Furthermore, it appears that the
conformation of this part is different for the two monomers
in the asymmetric unit. Several attempts were undertaken to
improve the interpretability of the electron density for the
ill-defined C-terminal part of the structure, including the use
of masks in averaging, different programs for solvent flat-
tening, and phase extension without success. Therefore we

conclude that this part of the structure is considerably
flexible.

Ni-DtxR. One of the monomers of apo-DtxR was used as the
starting model in the refinement of the structure of Ni-DtxR.
First, rigid body refinement was employed followed by posi-
tional refinement using the program package X-PLOR (22). The
position of the Ni ion could clearly be observed both in F, —
F. and 3F, — 2F. electron density maps. After manual re-
building and inclusion of the Ni(II) into the coordinates, a
second cycle of refinement was performed.

Ramachandran plots (23) for both monomers of apo-DtxR
and for the Ni-DtxR monomer show only a few nonglycine
residues lying outside the normally observed regions. An
Eisenberg plot was created for apo-DtxR using a moving
window of 21 residues (24). The profile score remained
positive throughout the sequence corresponding to this struc-
ture, with an average score of 35.7. An estimate of the
coordinate errors in the structures was obtained from a Luzzati
plot (25). This analysis shows an estimated average coordinate
error of 0.4 A for both models.

Mutagenesis, Expression, and Purification of DtxR. The
wt-DtxR and the mutants DtxR(Q43E), DtxR(R47H) (5),
DtxR(R47D), DtxR(R50H), and DtxR(R50D) were purified
from extracts of recombinant Escherichia coli and tested for
DNA binding to a 3?P-labeled C. diphtheriae tox promotor/

FIiG. 1 (on opposite page). (A) Stereo ribbon diagram of the N-terminal domains of the apo-DtxR dimer. The monomers have approximate
dimensions of 32 A X 40 A X 25 A. They are related by a noncrystallographic two-fold axis in the plane of the paper at a rotation of 179.6°. Residues
exclusively from subdomain 2 form the metal ion activation site and yield the hydrophobic residues interacting in the dimer interface. (B) Stereo
ribbon overlay of the apo- and Ni-DtxR dimers. Apo-DtxR is shown in red; Ni-DtxR is in blue. Also shown are the positions of Ni in the Ni-DtxR
structure as yellow spheres. The two Ni sites are the pivot points around which each monomer rotates upon metal ion activation. The rotation axes
are perpendicular to the plane of the page and the rotation leads to a closer approach of the two recognition helices at the bottom and to a further
displacement of parts of the upper subdomain. (C) Model of the Ni-DtxR-DNA complex. A 30-mer of canonical B-form DNA was rendered in
QUANTA (26). The position of the repressor with respect to the DNA was obtained by superimposing the Ni-DtxR dimer onto a model of the
apo-DtxR-DNA complex. The latter was modeled using the structure of the catabolite gene activator protein (CAP)-DNA complex (27) in the
following way. The HTH motif of one monomer of apo-DtxR was superimposed on one of the HTH motifs of CAP and the model DNA was
superimposed accordingly. The second monomer was positioned as in the noncrystallographic dimer. The DNA in the CAP-DNA complex is
curved. Since it is not known if D&xR induces DNA bending, we used straight DNA. Helix C of the other monomer of Ni-DtxR fits imperfectly
into the neighboring major groove. The relatively short distance of about 31 A between the two recognition helices in Ni-DtxR may indicate that
aslight bending of the DNA occurs. The fit to Ni-DtxR would then be better. (D) Stereo drawing of the metal ion binding region of DtxR as identified
by the binding sites for the mercury heavy atoms used to solve the crystal structure. Mercury site ¢ corresponds to the Ni(II) binding site in our
structure of Ni-DtxR and also to the metal ion binding site (site 1) identified as the activating metal ion site by Qiu et al. (12). Although mercury
is an imperfect analog of a divalent transition metal ion, we believe that mercury site a is closer to the actual activating site for iron, which involves
His-106, Glu-105, Cys-102, and possibly Glu-17. The images were generated using RAYSCRIPT (obtained from E. Fontana, D. Peisach, and E. Peisach,
Brandeis University), a program that uses the input for MOLSCRIPT (28) to generate input for RAYSHADE (Version 4.0, written by Craig Kolb and
Rod Bogart, Princeton University).
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Table 2. Refined heavy atom positions

Monomer 1 Monomer 2

x y z x y z
DMA a 0.566 0.593 0.217 0.622 0.518 0.287
a’ 0.492 0.603 0.206
EMP b 0.495 0.596 0.205 0.612 0.449 0.296
PMT c 0.429 0.493 0.191 0.506 0.367 0.310
d 0.562 0.577 0.215 0.605 0.513 0.288

See legend to Table 1.

operator probe (3-5 fmol) by gel mobility shift as described
(5). The mutants are 99% pure by SDS gel electrophoresis
and immunoblot sensitive to the same extent as the wild-type
protein using polyclonal antibodies raised against native
DtxR.

RESULTS AND DISCUSSION

Three-Dimensional Structure. Apo-DtxR consists of 226
amino acid residues. The asymmetric unit of the crystal
contains two monomers related by a noncrystallographic
two-fold axis (Tables 1-3). Each monomer is composed of two
domains, residues 1-136 and 137-226. In the electron density
map only the N-terminal domain (residues 3-136) is clearly
visible and of sufficient quality to position these residues. In
contrast, the C-terminal domain is indicated only by fragmen-
tary density of insufficient quality for continuous chain tracing,
presumably due to considerable disorder in this part of the
structure.

The N-terminal domain is mainly a-helical with a total of six
helices and two B-strands (Fig. 14). It is organized into two
subdomains, 1 and 2, that are connected by a long a-helix [D
(residues 66—88)]. Subdomain 1 is composed of three a-helices
[A (residues 3-20), B (27-33), and C (38-50)] packed against
two strands of antiparallel B-sheet [1 (53-57) and 2 (61-64)]
and the N-terminal part of the connecting helix D. Subdomain
2 contains two a-helices [E (97-106) and F (110-119)] packed
against opposite faces of the C-terminal portion of the con-
necting helix D. A helix-turn—helix (HTH) motif in subdomain
1 is formed by helices B and C (10).

Due to poor electron density only two fragments of the
C-terminal domain containing a total of 46 residues could be
modeled as polyalanine. They include one turn of an a-helix
and three strands of a B-sheet. Since the connectivity within
this motif and the nature of the side chains are ambiguous, this
partial C-terminal domain is not included in the coordinates.

Table 3. Refinement

Parameter Apo-DxR Ni-DtxR

Space group P3;21 P3;21
Monomers/asymmetric unit 2 1
Resolution range, A 8-3 8-3.8
No. of reflections I/o(I) >2 7378 1968
No. of protein atoms 2652 1327
R factor

Cryst 233 19.3

Free 413
B factor model Group B factor  Group B factor

Deviation from ideal
geometry (rmsd)
Bond distances, A 0.024 0.026
Bond angles, deg 48 48

Rerysree = ZlFobs! — | Feaidl/= | Fobs|, where the crystallographic
and free R factors are calculated using either the working or free
reflection set. The reflections for the latter set (8% of the total) were
chosen before the start of the refinement and held separately since.

Proc. Natl. Acad. Sci. USA 92 (1995)

FiG. 2. Stereo representation of the Ni binding site observed when
DtxR crystals are soaked in mother liquor containing 0.1 mM NiCl,.
Shown are Ni ligands His-79, Glu-83, and His-98 and the side chains
of Cys-102, His-106, and Glu-105, along with the chain segment 68—108
(helices D and E). These latter three residues, together with Glu-17
(Fig. 1D), form putative metal ion-binding site 2, which we believe is
required for full metal ion activation of DtxR binding to operator
DNA. The role of GIn-130, which is described as an indirect ligand for
site 1 via a water molecule by Qiu et al. (12), cannot be assessed by us
as it is disordered in our electron density map. The image was rendered
as described in the legend to Fig. 1.

The structure of the metal ion-activated form of DtxR was
solved with data collected from a crystal of apo-DtxR after
soaking it in mother liquor containing 0.1 mM NiCl,. Binding
of Ni(II) causes a reorientation of the monomers in the unit
cell with the effect that the former noncrystallographic two-
fold axis coincides with a crystallographic two-fold axis, and
therefore a monomer now comprises the asymmetric unit. The
orientations of the two-fold axes differ by 2° with a translation
of about 2 A at the centroid of the dimer.

A C= ribbon diagram of Ni-DtxR is compared to that of
apo-DtxR in Fig. 1B after superposition of the dimers. The rms
deviation between C* positions in the noncrystallographic
apo-DtxR dimer and crystallographic Ni-DtxR dimer is 1 A.
The overall structures of the monomers are virtually identical,
without significant changes in the internal relationship be-
tween the two subdomains (rms deviation between apo- and
Ni-DtxR monomers: 0.83 and 0.95 A, respectively). Additional
electron density corresponding to Ni(II) is observed in sub-
domain 1 with residues from helices D and E being involved
in Ni(II)-ligation as proposed previously (10) and as recently
shown by Qiu et al. (12). This density is close enough to the side
chains of residues His-79, Glu-83, and His-98 to identify these
residues as ligands to the Ni(II) ion (Fig. 2). A positional
difference of the monomers relative to each other can be
observed in the dimer of Ni-DtxR compared to that of
apo-DtxR. It can be ascribed to a rotary movement of each
monomer by 2°, bringing subdomains 1 of the dimer closer
while subdomains 2 diverge slightly. Because this movement is
systematic, it is clearly detectable and different from the
random changes in coordinates between the monomers of the
apo- and Ni-DtxR structures. The pivot points for this move-
ment are in subdomains 2 near His-79 and His-79’, and close
to the Ni(II) ion binding sites.

DtxR has three major functions—DNA recognition, metal
ion activation, and protein-protein interaction—the combina-
tion of which makes this protein unique among structurally
characterized regulatory proteins to date. Furthermore, the
results from mutagenesis experiments indicate that all of these
functions reside in the N-terminal domain (9, 29, 30). Our
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DtxXR (44) : RARIAER HEQOS GPTV.SQTVA
CAP(27): 189 R'Q-E E'GC QiT ¥ ViG CxSRRET VG R I LK
BirA(34): 2GEQLGET LGMS RAAINKHIQ
434R(39): YoAELARQK ' VGTT -008IEQLEN
AR(38): BQESVADK MGMG QSGVGALFN
trpR(40) : 8QRELKNE LGAG IATITRGSN
PurR(35): “IKDVAKR ANVS TTTVSHVIN

FiG. 3. Structural and sequence comparisons of HTH motifs. (4) Comparison of the HTH motifs of apo-DtxR and CAP (27). Shown in stereo
are helices A, B, and C and strands 1 and 2 of DtxR (subdomain 1 in red) and the equivalent parts of CAP (in white). The superposition was
performed with the command LsQ_EXPLICIT of the program o (20) using the C= positions of residues 27-47 of DtxR and the corresponding C*
positions of CAP (169-189) and resulting in an rms deviation of 0.64 A for this segment. Also shown are the DxR side chains at position 30, 31,
34-36, and 41 of the HTH motif, which have implications in the folding and stability of this motif (32), and DtxR residues GIn-43, Arg-47, and
Arg-50 in the recognition helix, which are implicated in DNA binding. The major topological difference of this part of CAP and DtxR is the presence
of an additional B-hairpin between the first represented helix and the HTH motif in CAP forming a four-stranded sheet with the second B-hairpin.
In DxR there is a direct loop between helices A and B. This figure was generated as described in the legend to Fig. 1. (B) Sequence alignment
for some HTH motifs. DtxR, diphtheria tox repressor; BirA, biotin operon repressor; 434R, 434 repressor; AR, A repressor; trpR, #rp repressor;
PurR, purine repressor. The numbers in parentheses are references. (C) Gel electrophoresis mobility shift analysis of wild-type DtxR and DNA
binding defective variants. Lanes: 1, —DtxR; 2, DtxR; 3, DxR(Q43E); 4, DxR(R47H); 5, DxR(R47D); 6, DxR(RS0H); 7, DtxR(R50D). Mutation
of positions predicted by the crystal structures to be involved in DNA recognition leads to loss of operator DNA binding.

structures of DxR confirm these results and allow us to Pabo and Sauer (31)]. These residues in DtxR (30, 34-36, and

localize the exact sites at which each of these functions occur. 41) are shown in Fig. 34. The “nonvariant” glycine is in the
HTH Motif. A classical structural element that is associated turn of the motif and adopts a left-handed a-helical backbone

with DNA recognition and binding is the HTH motif (31). The conformation that would be uncommon for nonglycine resi-

HTH motif consists of a core of 20 residues and is found in dues.

many prokaryotic regulatory proteins as well as in eukaryotic While apolar and unbranched residues are observed at the

homeodomains (33). Among reported structures this motif is expected positions in the HTH motif of DtxR, a glutamate

structurally nearly invariant. In the structures of apo- and residue, Glu-35, is found at position 9. Thus, D&xR is the

Ni-DtxR it is formed by helices B and C (residues 27-50) of second example of a structurally characterized prokaryotic
subdomain 1. Superposition of the C* atoms of the HTH motif protein with a nonglycine residue at this position in the HTH

of apo-DtxR on the corresponding atoms of the CAP (27) motif. In the crystal structure of the purine repressor, PurR, an
yields an rms deviation of 0.64 A (Fig. 34). The same C* asparagine residue is found at the corresponding position (35).
positions of DtxR superimpose with an rms deviation of 0.8 A In addition, a functional point mutant of the A repressor with
on the corresponding C* atoms of the biotin operon repressor a glutamate in place of the glycine in position 9 has been
BirA (34). In both instances the structural similarity extends described (36), and nonglycine residues are not uncommon at
beyond the HTH motif in both N- and C-terminal directions. this position’ in homeodomain proteins. For example, in the
The strong structural conservation is not reflected in a NMR derived structure of the Drosophila homeodomain pro-
correspondingly high degree of sequence similarity (Fig. 3B). tein antennapedia, a cysteine is found in the corresponding
For instance the sequence identity for the HTH motif of DtxR position (37).
is only 25% with CAP and 15% with BirA. Comparisons of a DNA Recognition. Results from glutaraldehyde crosslinking
number of protein sequences known or assumed to contain the and inactivation studies of apo-DtxR by apo-DtxR(A1-47), as
HTH motif have been used by Brennan and Matthews (32) to well as the observed cooperativity in metal ion binding, suggest
describe the dominant characteristics for some key positions that the active form of DtxR is a dimer (30) (Fig. 14) and that
within the motif. These characteristics include a strong pref- one activating metal ion binds per monomer (9, 30). DtxR(A1-
erence for apolar residues in positions 4, 8, 10, and 15 and for 47) is an in-frame mutant in which the HTH segment is

a glycine residue in position 9 [motif numbering convention of deleted. Site-directed mutational analysis of residues in helix
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Fic. 4. Stereo images of the apo- (4) and Ni-DtxR (B) dimer interfaces showing the protein-protein interactions. Shown are helices D, E, and
F (residues 72-118) of each of the two DtxR monomers. The backbone of one monomer is in white; the other is in pink. Aliphatic side chains are
shown in black or red and all others are according to atom type. His-79, His-98, and Cys-102 are included for orientation to the metal binding site.
Subtle differences in environment of the Trp-104 side chain could account for the fluorescence quenching observed when activating metal ions

bind. This figure was generated as described in the legend to Fig. 1.

C of subdomain 1 supports the hypothesis that this portion of
the HTH motif is the recognition element that interacts with
DNA in the major groove (Fig. 3C). The two monomers in the
asymmetric unit of the apo-DtxR crystal are arranged such
that a-helices C and C' of the dimer are approximately parallel
to each other at a distance of about 32 A with a dihedral angle
of approximately 22° along the helix axes. Due to the rear-
rangement of the monomers in the dimer relative to each
other, the distance between the recognition helices is short-
ened in the metal ion-activated form of the repressor by about
1 A. One can model the interaction of DtxR with the DNA
based on this distance and by analogy to other protein—
operator complexes that have been structurally characterized
(Fig. 1C). These include the phage repressors of A and 434 and
the E. coli trp repressor, CAP, and purine repressor (PurR)
(35, 38—-41). In each case, the second helix of the HTH motif,
the recognition helix, interacts intimately with the major
groove of DNA. However, the details of the interaction, the
relative orientation of the recognition helix with respect to the
major groove of DNA, as well as the conformation of the DNA
itself differ, and no simple code relating protein sequences and
DNA base sequences has been observed thus far. For instance,
the repressors from the A and 434 phages and CAP use either
glutamine and/or arginine residues in the recognition helix to
form bidentate or monodentate hydrogen bonds to adenine,
guanine, or thymine bases in the major groove of DNA. In the
recognition helix of DtxR there is one glutamine (Gln-43)
residue and two arginine residues (Arg-47 and Arg-50), all of
which point in the direction where DNA interaction has to be
assumed, suggesting to us that these residues might play a
direct role in DNA recognition. An involvement of Gln-43 is
also supported by its alignment with GIn-33 in a comparison of
the sequences and structures of DtxR and the phage 434
repressor. GIn-33 of the phage 434 repressor forms a hydrogen
bond to a thymine in the DNA complex (39).

We therefore used site-directed mutagenesis to introduce
Q43E, R47D, R50H, and R50D substitutions. These mutations
as well as the nitrosoguanidine-induced R47H mutation result
in a loss of binding to the 3?P-labeled C. diphtheriae tox
promotor/operator (toxPO) probe (Fig. 3C). In addition, each
of these DtxR mutants fails to regulate the expression of
B-galactosidase from a toxPO/lacZ transcriptional fusion in
recombinant E. coli (data not shown).

Most prokaryotic repressors use residues in the first turn of
the second a-helix of their HTH motif [helixC in this structure
(10)] for sequence-specific DNA interaction (31). It is inter-
esting to note that the residues found to be involved in DNA
recognition, Gln-43, Arg-47, and Arg-50, are in the second
through fourth turn of this helix. This observation leads to a
model of DNA recognition similar to that of eukaryotic
homeodomains (31).

Metal Ion Binding Domain. In the apo-DtxR structure, the
three unique mercury positions of the heavy atom derivatives
for each monomer cluster around a region in the second
subdomain within 3.4 A of the side chains of His-79, Glu-83,
His-98, Cys-102, Glu-105, and His-106 and within 5.5 A of
Glu-17. The location of these mercury sites led us to originally
propose this region as the metal ion binding domain (10).

Recently Qiu et al. (12) have reported the three-dimensional
structures of DtxR in complex with divalent transition metal
jons at 2.8-A resolution. In those cocrystal structures a con-
siderable part of the C-terminal domain of DtxR also could not
be modeled. Upon soaking of apo-DtxR crystals in mother
liquor containing NiCl, we observe that the space group and
unit cell parameters change to the same values as found for the
cocrystal structures with Fe, Cd, Mn, Zn, and Co presented by
Qiu et al. (12). Surprisingly, the unit cell of Ni-DtxR reported
by these authors is slightly different with the ¢ axis being
shortened by about 4 A compared to all other cocrystals and
to the soaked Ni-DtxR structure presented here.
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Qiu et al. (12) have reported two distinct metal ion binding
sites: Site 1 is observed in the presence of the activating metal
ions Fe?*, Mn?*, Co?*, Zn?*, and Ni?*, which form a complex
with His-79, Glu-83, His-98, and a water molecule as a fourth
ligand. Cd?* binds to site 1 and also to a lower-affinity site, site
2, which is formed by the side chains of Glu-105, His-106, the
carbonyl oxygen of Cys-102, and a solvent molecule. The site
occupied by Ni(II) in our Ni-DtxR structure corresponds to
site 1 (Fig. 2). Qiu ez al. also ascribe a role to GIn-130 as an
indirect ligand for the metal ion at site 1 through a water
molecule. This residue is disordered in the Ni-DtxR structure
presented here.

In the apo DtxR structure presented here, the same metal
ion binding region was identified based on the mercury
positions of the heavy atom derivatives. Mercury position a
(Fig. 1D) corresponds to site 2 in the cocrystal structure
reported by Qiu et al. (12), whereas position ¢ corresponds to
site 1. The involvement of some of these residues in metal ion
binding by DtxR has been deduced previously (10). In addi-
tion, the arrangement of a histidine and cysteine separated by
one turn in a helix (such as His-106 and Cys-102) has been
shown to form a high-affinity metal chelating site in other
proteins (42). Results from mutagenesis experiments suggest
that at least His-106 and Cys-102 of DtxR are involved in metal
ion activation. For instance, the metal ion-binding defective
mutant H106Y has been shown to have reduced repressor
activity as measured by B-galactosidase expression from a
small toxPO/lacZ transcriptional fusion and by gel retardation
assays (9). Cys-102 has been replaced by all other amino acid
residues; however, only an aspartate in this position results in
active metal-ion-dependent variant of the repressor (7). These
results, together with our observation that metal ions can bind
in more than one site on DtxR, would argue that the activating
iron binding site is closer to mercury position a (Fig. 1D) and
includes the side chains of His-106, Glu-105, Cys-102, and
possibly Glu-17 (Fig. 3). Soaking our DtxR crystals in mother
liquor containing high concentrations of activating transition
metal ions [Ni(II), Cd(II), Mn(II)] results in cracking, sug-
gesting conformational changes upon metal ion binding at
additional sites. The failure of Qiu et al. (12) to identify what
we believe is the activating metal ion site in their cocrystalli-
zation experiments may be due to inhibitory effects of the
crystal mother liquor, oxidation of Cys-102, and/or the neces-
sity for DNA to be bound in order for this site to be utilized.

How Does Metal Ion Binding Activate the Repressor? The
distance between adjacent major grooves of canonical B-form
DNA is 34 A. In the apo-DtxR structure the distance between
the C= positions of GIn-43 in helices C and C’ is about 32 A,
whereas in the Ni-activated form of the repressor reported
here, the corresponding distance is shorter by about 1 A and
in accordance with the distance of 30 A reported by Qiu et al.
(12). This relatively short distance suggests that the DNA may
be bent in the repressor—operator complex. The movement of
the recognition helices toward each other is due to a reorien-
tation of the monomers relative to each other. This is accom-
plished by a rotation of each monomer by 2° with the rotation
centers being close to the metal ion binding sites.

That type of switching mechanism leads to a model for metal
ion-dependent DNA binding, in which the N-terminal domains
act like a caliper with the metal atoms functioning as the pins
at the pivot points.

If our hypothesis, that the activating metal ion site is formed
by His-106, Glu-105, Cys-102, and possibly Glu-17, is correct,
then the changes described above may not represent the full
extent of the activating conformational changes induced by
metal ion binding. However, since binding of an activating
metal ion at one site is capable of producing a conformational
change in the relative orientation of subdomains, this general
mechanism of activation is certainly possible for DtxR. Glu-17
of DxR provides a potential direct bridge between the metal
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ion binding region and the HTH motif. This residue is located
in helix A. On ligation to an activating metal ion in site 2,
movement of the side chain of Glu-17 could drag helix A and
the HTH motif further than observed when Ni(II) binds to site
1. This movement would change the distance between the
recognition helices even more than the 2-A change seen in our
structure comparison.

Protein—Protein Interaction at the Dimer Interface. In the
apo-DtxR structure we observe a dimer in the asymmetric unit.
There is considerable evidence from solution studies that the
metal ion-activated form of DtxR that binds DNA is at least
a dimeric complex (30). The interface between the two mono-
mers is comprised of a tight hydrophobic network formed by
residues of subdomains 2 (Fig. 4). The residues involved in
protein—protein interaction originate from helices D, E, and F
and loops D-E and E-F. The residues forming the hydropho-
bic interface are Leu-85, Leu-86, Ile-89, Ile-90, Trp-104,
Val-107, Met-108, Val-112, and Leu-116. Leu-85, Ile-89, Trp-
104, and Val-107 are in van der Waals contact to their
symmetry mates from the other monomer. The only polar
residue at the interface is Glu-100, which forms an internal
hydrogen bond to Trp-104. The two previously described
mutants, E100K and W104Q, were found to have markedly
decreased repressor activity as measured by B-galactosidase
expression from a toxPO/lacZ transcriptional fusion (9). Trp-
104 has a prominent position at the center of this hydrophobic
core. In the Ni-DxR structure this interface is formed by
monomers related by a crystallographic two-fold axis (Fig. 4).
Upon addition of activating metal ions, quenching of the
intrinsic tryptophane fluorescence is observed (30). Subtle
differences in the environment of the Trp-104 residues in the
apo- and Ni-DtxR structures could account for the observed
fluorescence quenching. The emission wavelength of 333 nm
suggests that the indole ring of tryptophane is buried within the
protein (data not shown) as confirmed by our crystal structures
of apo- and Ni-DtxR.

CONCLUSIONS

Comparison of the structures of apo- and Ni-DtxR leads to a
caliper model for metal ion activation. Binding of Ni(II) or
Fe(II) causes a conformational change in the relative orien-
tation of the monomers in the dimeric structure, changing the
distance between the recognition helices of the HTH motifs.
It is not known if the operator DNA undergoes a conforma-
tional change when DtxR binds. The relatively short distance
between the recognition helices observed here supports the
hypothesis that the DNA may be slightly bent in the DtxR—
DNA complex. The actual conformation of DtxR may also
change more dramatically upon interaction with operator
DNA and upon binding of a metal ion to the site formed by
His-106, Glu-105, Cys-102, and possibly Glu-17. This caliper
model for ligand-activated DNA binding may explain how
other metal ion-dependent DNA binding proteins such as
MerR may function (43). Structural studies of the DtxR-DNA
complex with all metal sites occupied will be needed to validate
this model and to provide insights into possible roles for the
disordered C-terminal domain.
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